North America and Eurasia share several closely related taxa that diverged either from the breakup of the Laurasian supercontinent or later closures of land bridges. Their modern population structures were shaped in Pleistocene glacial refugia and via later expansion patterns, which are continuing. The pikeperch genus Sander contains five species -two in North America (S. canadensis and S. vitreus) and three in Eurasia (S. lucioperca, S. marinus, and S. volgensis) -whose evolutionary relationships and relative genetic diversities were previously unresolved, despite their fishery importance. This is the first analysis to include the enigmatic and rare sea pikeperch S. marinus, nuclear DNA sequences, and multiple mitochondrial DNA regions. Bayesian and maximumlikelihood trees from three mitochondrial and three nuclear gene regions support the hypothesis that Sander diverged from its sister group Romanichthys/Zingel~24.6 Mya. North American and Eurasian Sander then differentiated~20.8 Mya, with the former diverging~15.4 Mya, congruent with North American fossils dating tõ 16.3-13.6 Mya. Modern Eurasian species date to~13.8 Mya, with S. volgensis being basal and comprising the sister group to S. lucioperca and S. marinus, which diverged~9.1 Mya. Genetic diversities of the North American species are higher than those in Eurasia, suggesting fewer Pleistocene glaciation bottlenecks.
INTRODUCTION
Many closely related temperate taxa share a common native distribution across North America and Eurasia, including some plants (Axelrod, 1975; Milne, 2006; Wen & Ickert-Bond, 2009 ), mammals (Osborn, 1910; Pielou, 1991; Miller, Waits & Joyce, 2006) , and freshwater fishes (Collette & Bȃnȃ rescu, 1977; Cavender, 1998; Lévêque et al., 2008) . Sister groups of taxa became differentiated between the two continents, either dating to the final breakup of the Laurasian supercontinent 66-58 Mya (Briggs, 1986; Wicander & Monroe, 1993) or via the closure or ecological inhospitability of land bridge connections (Tiffney & Manchester, 2001; Milne, 2006) . Two land bridges have connected and allowed migration between the North American and Eurasian fauna at various geological times: the Bering Land Bridge (BLB) across the North Pacific Ocean and the North Atlantic Land Bridge (NALB) across the North Atlantic Ocean. These each intermittently were available from the beginning of the Palaeocene (~65 Mya) with final subsidence of the NALB during the late Miocenẽ 10 Mya (Tiffney, 1985; Denk et al., 2011) and loss of the BLB near the end of the Pleistocene~0.01 Mya (Gladenkov et al., 2002) .
Following the older continental and land bridge divergences between the pairs of taxa, their respective distributions and population genetic patterns further were modified by loss and alterations of habitats during the Pleistocene glaciations~2.6-0.01 Mya (Hewitt, 1996 (Hewitt, , 2000 Bernatchez & Wilson, 1998) . The North American Laurentide Ice Sheet advanced farther south than the Eurasian Scandinavian Ice Sheet (Hewitt, 1996) . However, North America had larger areas of glacial refugia due to its plains being orientated east-west in between north-south mountain ranges. In contrast, dispersal of Eurasian taxa was limited by boundaries of saline seas and mountain ranges that are orientated east-west (Hewitt, 1996) . Following the Pleistocene Ice Ages, most north temperate taxa moved northwards to expand into old and new habitats, and these patterns now are accelerating due to anthropogenic climate change (Chu, Mandrak & Minns, 2005; Sharma et al., 2007) . These biogeographical scenarios underlie the contemporary distributions of freshwater fishes, including the percid genera Sander (= Stizostedion; Bruner, 2011) and Perca (Perciformes: Percidae).
Morphological characters and fossil dates have suggested that the family Percidae diverged~66-58 Mya during the Palaeocene (Collette & Bȃnȃ rescu, 1977) from an ancestor shared with the widely distributed marine Serranidae (seabasses; Collette & Bȃnȃ rescu, 1977; Bruner, 2011) or with the North American Centrarchidae (sunfishes; Collette & Bȃnȃ rescu, 1977) . Sander and Perca today share similar distributions across North America and Eurasia. Several hypotheses may explain their species divergences between the two continents, including that they: (1) originated in Eurasia and then dispersed to North America via the NALB at the beginning of the Eocene~58 Mya (Svetovidov & Dorofeeva, 1963; Balon, Momot & Regier, 1977) , (2) migrated from Eurasia to North America across the BLB during the Oligocene~37-24 Mya (Collette & Bȃnȃ rescu, 1977) , (3) originally shared a wide Holarctic distribution (spanning both continents) dating to~24 Mya (Late Tertiary) and their taxa later moved south during the Pleistocene glaciations~2.6-0.01 Mya (Cavender, 1998) , (4) moved via the BLB during the Miocene/Pliocenẽ 10-4 Mya (Billington et al., 1990 (Billington et al., , 1991 Faber & Stepien, 1998) , or (5) crossed the Atlantic Ocean from Eurasia to North America in brackish water along the ice sheets during the late Pleistocene~15 kya (Fig. 1; Cihar, 1975) . However, recent fossil discoveries have revealed two extinct Sander spp. in North America (see Fig. 1C ), one dating to~16.3-13.6 Mya in southern Saskatchewan, Canada (Murray & Divay, 2011) , and the other (S. teneri) to~5 Mya off Greenland (Murray et al., 2009) , providing new data for differentiating among these hypotheses and for calibrating a phylogeny.
Recently, the name of this genus was changed from Stizostedion Rafinesque 1820 to Sander (Cuvier, 1817) per Kottelat (1997) , which was supported by the Committee on Names of Fishes (a joint committee of the American Fisheries Society and the American Society of Ichthyologists and Herpetologists; see Nelson et al., 2003 Nelson et al., , 2004 . This change has been controversial and is under debate, as summarized by Bruner (2011) . The genus comprises five extant species -two in North America: the sauger S. canadensis (Griffith & Smith, 1834) and walleye S. vitreus (Mitchill, 1818) and three in Eurasia: the pikeperch S. lucioperca (Linnaeus, 1758) , Volga pikeperch S. volgensis (Gmelin, 1789) and the extremely rare sea pikeperch S. marinus (Cuvier, 1828) . The last-named is almost unknown from museum specimens and lacks phylogenetic information, although it has been caught by commercial fishermen in the Caspian Sea from whom we obtained two individuals (after several years of seeking them). Sander marinus was hypothesized by Svetovidov & Dorofeeva (1963) to be morphologically intermediate between the North American and Eurasian species, rendering it important for assessing speciation and biogeographical patterns of the genus.
Sander are ecologically important as top piscivores and support economically valuable fisheries across both continents (Larsen & Berg, 2006; Kuznetsov, 2010; Schmalz et al., 2011) . Their populations today face challenges due to habitat loss and degradation, exploitation, competition with invasive species, and climate change (e.g. Barraclough & Nee, 2001; Olden et al., 2010; Willis et al., 2012) . We analyse their evolutionary diversification, genetic diversity, and distribution patterns, laying a foundation for understanding their ability to adapt to future anthropogenic stressors.
MORPHOLOGICAL DIFFERENTIATION
Sander spp. have laterally compressed elongate bodies and maximum total lengths that range from 450 mm in S. volgensis to~1300 mm in S. lucioperca. They are differentiated from other percids by the following morphological characters: (1) pronounced canine teeth, (2) narrow rows of teeth on their jaws, vomer, and palatines, (3) a strongly serrated pre-opercle, (4) a continuous lateral line that extends from the head to the caudal fin, (5) accessory lateral lines on the upper and lower portions of the caudal fin, (6) strongly forked caudal fin, (7) lack of genital papilla, (8) 7-8 branchiostegal rays, (9) 12-13 anal fin rays (Berg, 1965; Trautman, 1981; Hubbs & Lagler, 2004) , and (10) a tapetum lucidum (reflective layer behind the retina) that aids in nocturnal predation (Moore, 1944; Collette et al., 1977; Trautman, 1981) .
Several morphological characters distinguish among Sander spp., including colour, scale patterns, number of fin rays, and pyloric caeca (small blind sacs in the stomach that may aid in the breakdown of proteins; Moyle & Cech, 2000) . These morphological characters are summarized in Table 1 (based on data from Berg, 1965; Trautman, 1981; Hubbs & Lagler, 2004) . Coloration patterns vary greatly among Sander, with S. marinus being the most variable (Table 1; Fig. 2 ). Scale patterns differ among the species; S. volgensis has cheeks that are fully scaled, S. canadensis has intermediate scalation, and S. vitreus, S. lucioperca, and S. marinus have reduced numbers of scales or entirely lack them. The canine teeth unite the genus, but are most pronounced in S. lucioperca, whereas adult S. volgensis lose them, but have them as juveniles (Berg, 1965) .
SPECIES DISTRIBUTIONS
Sander spp. live in a variety of habitats, inhabiting slow turbid lake environments to fast flowing clear streams (Collette & Bȃnȃ rescu, 1977; Billington, Wilson & Sloss, 2011) . Sander canadensis occurs in the Mississippi River basin, Hudson Bay, Great Lakes, and St. Lawrence River drainages, ranging from Quebec to Alberta and south to Louisiana and Alabama ( Fig. 1A ; Billington et al., 2011; Page & Burr, 2011) . Sander vitreus is more widely distributed, ranging from the Mackenzie River in the Northwest Territories of Canada, south to the US Gulf Coast, and north-eastward to New Hampshire and Quebec ( Fig. 1A ; Billington et al., 2011; Page & Burr, 2011) . Sander lucioperca is the most widespread of the three Eurasian species, occurring from the Elbe River in Germany eastward to China and north into the Russian Federation, Sweden, and Finland and inhabiting the Aral, Azov, Baltic, Black, and Caspian Seas ( Fig. 1B ; Berg, 1965; Collette & Bȃnȃ rescu, 1977; Freyhof & Kottelat, 2008) . In contrast, S. volgensis has a smaller range, extending from the Danube, Dnieper, and Don Rivers in the Black and Azov Sea basins and the Volga and Ural Rivers in the Caspian Sea basin ( Fig. 1B ; Berg, 1965; Collette & Bȃnȃ rescu, 1977; Freyhof, 2011) . Sander marinus is reported from marine/estuarine waters of the Black and Caspian Sea basins (Fig. 1B; Berg, 1965; Collette & Bȃnȃ rescu, 1977) , although museum specimens and modern records in the Black Sea are lacking. This is the first study to address genetic variation and diversity patterns of S. volgensis and S. marinus. The phylogenetic relationships of S. marinus are unknown, presumably because the species is excep- tionally rare. The IUCN (International Union for the Conservation of Nature and Natural Resources) Red List notes it as 'data deficient' (IUCN, 2012), and Maitland (2001) lists it as 'vulnerable'.
Due to their fishery popularity, some species of Sander have been transplanted outside of their native ranges ( Fig. 1 ; see Freyhof & Kottelat, 2008; Billington et al., 2011) . Notably, S. canadensis individuals were introduced to the upper Savannah River in Georgia, Lake Texoma in Texas, the Apalachicola River in Florida, and the lower Bear River in Idaho (see Fig. 1A ). Sander vitreus has been the most widely introduced, as far north-east as the St. Croix River in Maine, the Lower Oconee River in Georgia, west to rivers in Washington and Oregon that drain to the Pacific Ocean, and south to the Chattahoochee River, Casablanca Reservoir, and Guadalupe River in Texas ( Fig. 1A ; Billington et al., 2011; Fuller & Neilson, 2012) . In Eurasia, S. lucioperca was transplanted to Spain, the UK, France, the Netherlands, western Germany, Denmark, Italy, Lithuania, Latvia, and Turkey (Larsen & Berg, 2006) . In 1989, S. lucioperca was moved from Europe to North America into Spiritwood Lake, North Dakota, in the hope that it would become a valuable fishery. There since has been natural reproduction, but the population remains very small and does not support a fishery (Fuller, 2012) . Sander volgensis has commercial importance 
COMPARATIVE LIFE HISTORIES
Sander species mature around 3 years of age and reproduce during the spring to early summer, migrating to their natal spawning grounds (Berg, 1965; Collette et al., 1977; Craig, 2000; Kuznetsov, 2010; Barton & Barry, 2011) . Sander vitreus exhibits fidelity to spawning sites (Jennings, Claussen & Philipp, 1996) with the genetic structure of its spawning groups remaining similar from year to year, among age cohorts, and from generation to generation . Sander spp. spawn in rivers and shallow lake waters at temperatures ranging from 5-11°C in S. vitreus to 10-17°C in S. marinus (Scott & Crossman, 1973; Craig, 2000; Kuznetsov, 2010 et al., 1977; Craig, 2000) . The reproductive behaviour of S. marinus is believed to resemble S. lucioperca, with the male building a nest in sandy substrate and a single female laying all of her eggs in the nest (Guseva, 1974; Craig, 2000) . The eggs have a sticky outer coating that allows them to attach to the substrate (Collette et al., 1977; Craig, 2000; Barton & Barry, 2011) and hatch in about 2 weeks (Barton & Barry, 2011) . The young have a small yolk sac and begin to feed soon after hatching, consuming phytoplankton, small zooplankton, and macroinvertebrates (Collette et al., 1977; Craig, 2000; Specziár & Bíró, 2003; Bozek, Baccante & Lester, 2011) . Sander spp. rarely consume prey that exceed half of their length at any life-history stage. Larger juveniles (~30-100 mm) become piscivorous, eating a variety of fish species (including conspecifics), as well as zooplankton -especially when forage fish are low in abundance (Collette et al., 1977; Craig, 2000; Bozek et al., 2011) . Sander vitreus has been reported to exhibit piscivory 2 weeks after hatching (Bozek et al., 2011) .
Sander spp. characteristically range widely to feed at non-reproductive times of the year. Their migration distances vary, with S. marinus reported to migrate little (Berg, 1965) and S. canadensis the most -tõ 380 km in a single season (Collette et al., 1977; Bozek et al., 2011) . Sander spp. reach~17-19 years of age (Berg, 1965; Carey & Judge, 2000) , with some S. vitreus reported as 30 years (Bozek et al., 2011) .
OBJECTIVES AND QUESTIONS
The central objective is to evaluate the evolutionary and biogeographical relationships of Sander, including the rare and enigmatic S. marinus, using DNA sequences from three mitochondrial [mt; control region, cytochrome (cyt) b, cytochrome oxidase I (COI)] and three nuclear gene regions [recombination activating gene intron 1 (RAG1), S7 intron 1 (S7), and lactate dehydrogenase A intron 6 (LdhA6)]. We compare the evolutionary divergence and diversification patterns across the range of the genus, asking: (1) Is Sander monophyletic? (2) What are the phylogenetic relationships among its species? (3) Which biogeographical factors and events explain their speciation and divergence patterns?, and (4) How are their relative patterns of genetic diversity similar or different?
This is the first study to analyse nuclear DNA sequences and multiple mtDNA regions of Sander and the only to include S. marinus. We analyse six gene regions based on background data from selected percids and other fishes. The control region of mtDNA is non-coding, houses its replication origin, and is less conserved than the other two mtDNA regions analysed here (summarized by Simon et al., 1994) . Cyt b and COI encode proteins that form part of the electron transport in cellular respiration (summarized by Lunt et al., 1996; Chen et al., 2009) . COI additionally is involved in translocating proteins across the mitochondrial membrane (summarized by Lunt et al., 1996) . Nuclear RAG1 is a coding gene that aids activation of recombination (Oettinger et al., 1990) . S7 and LdhA6 are non-coding introns (Gillespie, 1991; Chow & Hazama, 1998) . S7 is a ribosomal protein gene (Nomura et al., 1980; Chow & Hazama, 1998) , whereas LdhA6 is part of the lactate dehydrogenase enzyme that catalyses the production of sugars used during respiration (Gillespie, 1991) .
MATERIAL AND METHODS

SAMPLING AND DNA EXTRACTION
Fin clips (1-2 cm 2 of pectoral or caudal fin) from the five Sander spp. were collected across their respective ranges, totalling 45 sites and 367 individuals (Fig. 1 , Table S1 ). These included the North American S. canadensis (7 sites, 25 individuals, 2-4 per site) and S. vitreus (18, 232, , and the Eurasian S. lucioperca (13, 75, 1-10), S. marinus (1, 2; all that was available for this rare, previously not analysed species), and S. volgensis (6, 33, (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . We also analysed all available sequences for the targeted genes from the National Institute of Health's GenBank database (http://www.ncbi.nlm.nih.gov/GenBank), which were compared with our data. Homologous sequences were recorded and pruned. We then used the unique haplotypes (Table S2) . salmoides were collected by us and colleagues. All tissues and specimens are preserved in 95% EtOH, stored at room temperature, and are archived in the Great Lakes Genetics/ Genomics Laboratory (GLGL) at the University of Toledo's Lake Erie Center (Oregon, OH; available upon request; see Table S3 ). Sequences of the outgroup taxon G. baloni were obtained from GenBank, including the control region (AF025360; Faber & Stepien, 1997) , cyt b (AY374279; Sloss, Billington & Burr, 2004) , COI (HQ960459; International Barcode of Life, unpub.), and LdhA6 (AY034783; Stepien et al., 2005) . We used a control region sequence from GenBank to represent M. salmoides, as our amplification did not yield sequence data (JN979719; Ray et al., 2012) .
DNA was extracted from fin clips using Qiagen DNeasy extraction kits (Valencia, CA, USA), following the manufacturer's directions. Extractions were assayed for quality and quantity on 1% agarose minigels stained with ethidium bromide and DNA quantities were verified using a Thermo Scientific (Waltham, MA, USA) Nanodrop 2000 spectrophotometer.
GENE AMPLIFICATION AND DNA SEQUENCING
Genetic diversity, phylogenetic, and biogeographical patterns were analysed from DNA sequences of three mitochondrial (control region, cyt b, and COI) and three nuclear gene regions (S7 intron 1, RAG1, and LdhA6). Targeted sequence regions were amplified using the polymerase chain reaction (PCR). Primers included LW1-F (Gatt, Ferguson & Liskauskas, 2000) and HN20 (Bernatchez & Danzmann, 1993) for the control region, L14724 and H15915 (Schmidt & Gold, 1993) for cyt b, FF2d and FR1d for COI (Ivanova et al., 2007) , RAG1F1 and RAG1R2 for RAG1 (López, Chen & Ortí, 2004) , S7RPEX1F and S7RPEX2R for S7 (Chow & Hazama, 1998) , and LdhA6F1 and LdhA6R1 for LdhA6 (Quattro & Jones, 1999) . Amplification trials of Micropterus dolomieu and M. salmoides were unsuccessful with the LW1-F primer, which was substituted with Pro-L (Palumbi, 1996) . Nuclear DNA reactions for Z. zingel failed to amplify, but its mtDNA sequences were successful, and thus Z. zingel was included in the mtDNA analyses alone. PCR reactions contained 50 mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl, 50 mM of each dNTP, 0.5 mM each of the forward and reverse primers, at least 30 ng DNA template, and 1 unit of Taq polymerase in a 25-mL reaction. Amplifications using the LdhA6 primer set were conducted in 50-mL reactions in order to obtain sufficient product. Reactions included an initial denaturation of 2 min at 94°C, followed by 42 cycles of 40 s at 94°C, 40 s at primer and species-specific annealing temperature, and 1.5 min at 72°C, with a final extension of 5 min at 72°C. Annealing temperatures were 48°C for the control region (56°C for M. dolomieu), 50°C for cyt b, 52°C for COI and LdhA6, and 56°C for RAG1 and S7 (50°C was used for S7 of S. marinus).
A 4-mL aliquot of each PCR product was visualized on a 1% agarose mini-gel stained with ethidium bromide and successful reactions were purified using a Qiagen PCR Purification Kit. Purification results then were assessed on a mini-gel and Nanodrop. DNA sequencing was outsourced to the Cornell University Life Sciences Core Laboratories Center (http://cores. lifesciences.cornell.edu/brcinfo/), which used Applied Biosystems (ABI) Automated 3730 DNA Analyzers (Fullerton, CA, USA).
Sequences were checked, identified, and aligned by us with BIOEDIT v7.05 (Hall, 1999) , and then deposited in GenBank (accession numbers are given in Table S4 ). Aligned sequences, including the outgroups were: 743 bp for the control region, 1121 bp for cyt b, 652 for COI, 1377 for RAG1, 575 for S7, and 259 for LdhA6, totalling 4727 bp. All individuals and taxa first were analysed for the mt control region, which served as a benchmark for genetic diversity (totaling 377 Sander + outgroups). Sander vitreus represented the greatest depth of coverage as it has long been a focus of our laboratory's work (Stepien, 1995; Faber & Stepien, 1998; Stepien & Faber, 1998; Stepien, Taylor & Einhouse, 2004) , and is being used for a new population genetic study (A. E. Haponski & C. A. Stepien, in review) . A subset of all Sander taxa, including all clades on the control region tree, were then analysed for the other gene regions, including cyt b (N = 62), COI (N = 84), RAG1 (N = 37), S7 (N = 43), and LdhA6 (N = 44). These selections thus represented the phylogenetic and geographical variability of Sander, using the control region as the standard.
DATA ANALYSES
Numbers of transitional and transversional substitutions and uncorrected pairwise (p-) distances among haplotypes (with both types of substitutions combined) were calculated for each of the six gene regions using MEGA v5.0 (Tamura et al., 2011) and graphed using EXCEL (Microsoft Corp.). Correspondences to linear models were evaluated and analyses of covariance (ANCOVA) were used to assess possible nucleotide saturation with R v2.15.2 (R Development Core Team, 2012).
Phylogenetic relationships were evaluated for each gene region separately using maximum likelihood (ML) in PHYML v3.0 (Guindon et al., 2010) and Bayesian analyses in MRBAYES v3.2.1 (Ronquist & Huelsenbeck, 2003) . Corrected Akaike information criteria (AICc) from JMODELTEST V2 (Darriba et al., 2012) were employed to determine the most appropriate nucleotide substitution models. For the mtDNA sequence data sets, JMODELTEST selected the TPM3uf model (Posada, 2008) with a gamma (a) distribution (a = 0.3040) for the control region, TPM2uf (Posada, 2008) with invariant sites (I = 0.5370) and gamma (a = 1.2500) for cyt b, and TPM2uf plus a gamma distribution (a = 0.1350) for COI. Models for the nuclear data sets were TIM2ef (Posada, 2008) plus invariant sites (I = 0.6620) for RAG1, Hasegawa, Kishino, and Yano (Hasegawa et al., 1985) with a gamma distribution (a = 2.1880) for S7, and Kimura 80 (Kimura, 1980) plus gamma (a = 1.1920) for LdhA6.
ML analyses in PHYML were begun with five random trees, from which the best was selected using nearest neighbour interchange (NNI) and subtree pruning and regrafting (SPR). Support for the nodes was determined from 2000 bootstrap pseudoreplications (Felsenstein, 1985) . Bayesian analyses in MRBAYES used a Metropolis-coupled Markov chain Monte Carlo (MC 3 ) approach and ran for 5 000 000 generations, with sampling every 100 generations. Four separate chains were run simultaneously for each analysis, and two analyses ran simultaneously. The burn-in period for the MC 3 was determined by plotting log likelihood values for each generation to identify when stationarity was reached. As burn-in, 25% of the generations were discarded, along with the trees and parameter values sampled prior to the burn-in. A 50% majority rule consensus tree was based on the remaining generations, whose branch support was determined from the posterior probability distribution (Holder & Lewis, 2003) in MRBAYES.
To discern the overall relationships, the six gene regions were concatenated in a partitioned MRBAYES analysis following the approach of Near et al. (2011) . The six gene region JMODELTEST models were assigned to each partition using the APPLYTO command and the model parameters (invariable sites or gamma distribution) were set using the UNLINK command. Number of generations and burn-in were the same as analyses for the individual gene regions.
Lastly, intraspecific haplotypic diversities for each species per the six different gene regions were calculated using ARLEQUIN v3.5. 1.3 (Excoffier & Lischer, 2010) . To determine the pairwise divergence among taxa, we calculated uncorrected p-distances in MEGA considering both transitions and transversions with 2000 bootstrap replications. We also counted the number of fixed differences among the taxa.
DIVERGENCE TIME ESTIMATES
Comparative divergence time estimates among Sander spp. lineages were evaluated for the six gene regions and the concatenated data set using BEAST v.1.71 (Drummond et al., 2012) , with the general time reversible nucleotide substitution model (GTR; Lanave et al., 1984) . A gamma distribution and invariant sites were incorporated for those mtDNA and nuclear DNA regions identified by JMODELTEST. BEAST analyses used a relaxed molecular clock that assumed a lognormal distribution with the Yule speciation process (Gernhard, 2008) as a tree prior. Two separate runs were conducted, each with a chain length of 50 000 000 generations, and parameters sampled each 100 generations. We used fossil dates as calibration points for outgroup taxa, representing the Oligocene Epoch (~26 Mya) for Perca (Lebedev, 1952) , 12 Mya for the genus Micropterus (Wilson, 1968; Tedford et al., 1987; Near, Bolnick & Wainwright, 2005) , and~1.8 Mya for Gymnocephalus (Holčík & Hensel, 1974) . For the RAG1 and S7 gene regions and the concatenated data set, the Gymnocephalus date was excluded as Gymnocephalus had only a single sequence represented (G. cernua) and multiple sequences are required to date the node (Drummond et al., 2012) .
The genus Sander is monophyletic in the Bayesian tree based on the concatenated data set of all six gene regions (Fig. 3) , with all relationships supported by 1.00 posterior probabilities (p.p.). Romanichthys represents the sister group to Sander (p.p. = 1.00; Fig. 3 ), which are separated by uncorrected p-distances of 0.012-0.118 and 3-70 fixed substitutions (in the six gene regions; Table 2 ). Sander is divided into two distinct clades, one in North America and the other in Eurasia (Fig. 3) , with p-distances of 0.012-0.094 and 4-54 fixed nucleotide differences (Table 2) . Their separation is supported by all six individual gene trees (0.83-1.00 p.p./62-100% bootstrap pseudoreplications; Fig. S1 ). Within the North American clade, S. canadensis is the sister species to S. vitreus (Fig. 3) . Within the Eurasian clade, S. volgensis is the basal taxon to a clade containing S. lucioperca and S. marinus as sister taxa.
Individual gene trees only partially resolve the phylogenetic relationships (see Fig. S1 ). Sander is monophyletic and is the sister group to a clade comprising Romanichthys/Zingel on the mtDNA cyt b and nuclear RAG1 trees (0.94-0.96 p.p./63-81%), but is paraphyletic on the other trees (control region, COI, S7, and LdhA6). The mtDNA trees differentiate among all Sander species, whereas all nuclear DNA trees lack sufficient resolution to distinguish between the North American species, S. canadensis and S. vitreus. Those species diverge by p-distances of 0.049-0.070 and by 34-63 fixed differences in the three mtDNA regions (Table 2 ). The relationships among the three Eurasian taxa are supported in four of the gene region phylogenies (control region, COI, RAG1, and S7; 0.54-1.00 p.p./73-85%), and are unresolved in the cyt b and LdhA6 trees (Fig. S1) . Sander volgensis diverges from the clade comprising S. lucioperca and S. marinus by 0.002-0.051 uncorrected p-distances and 1-36 fixed differences (among the six gene regions). Sander lucioperca and S. marinus are differentiated by p-distances of 0.001-0.060 and by 1-68 fixed differences (Table 2) .
BIOGEOGRAPHICAL RELATIONSHIPS
According to the BEAST calculations and fossil calibrations for the concatenated data set, the genus Sander appears to have diverged from its most recent common ancestor shared with Romanichthys~24.6 Mya [11.5-39.6 Mya = 95% highest posterior density (HPD)] during the late Oligocene Epoch (Fig. 3B) Fig. 3B ).
Dates recovered from the individual gene analyses have a high degree of variation, despite their common calibration points (see Table S5 ). This appears to mirror differences in their relative substitution rates (see Fig. 4 ).
PHYLOGENETIC SIGNAL OF MITOCHONDRIAL AND NUCLEAR GENE REGIONS
We evaluated each of the six gene regions for saturation of the phylogenetic signal. Overall, there is little evidence for saturation (F = 133.4-24 970, d.f. = 38-1186, P < 0.0001), with transitions outnumbering transversions in five of the gene regions -all but mtDNA control region (Fig. 4) . In the control region, transversions outnumber transitions after about the halfway point (p-distance~0.06), which may denote saturation as the transitions cross the line of transversions and decline in trajectory. However, its regression relationship is significant, indicating that overall substitutions continue to accumulate with increasing divergence among the taxa. Across all six gene regions, numbers of transitions and transversions correspond to linear relationships, with R 2 values ranging from 0.92 to 0.99 for transitions and 0.72 to 0.98 for transversions.
Overall, the mtDNA gene regions evolve at faster rates than the nuclear DNA introns (Table 2; Fig. 4) . The mtDNA sequence divergences range from 0.00 to 0.14 across the sequence comparisons (Fig. 4A-C) , whereas the nuclear DNA sequences are 0.00-0.04, about one-third the rate (Fig. 4D-F) . Among the mtDNA gene regions, the relative rate of evolution appears fastest in cyt b, followed by COI, and then the control region. Among the nuclear gene regions, the S7 intron has the greater overall divergence, followed by LdhA6, and then RAG1.
We identify a total of 107 different haplotypes across all six gene regions (Table 3, Table S4 ). Overall, the three mtDNA gene regions have more haplotypes Figure 3 . A, phylogenetic relationships of the genus Sander and members of the family Percidae based on the concatenated data set of six gene regions and a Bayesian analysis. Values on the nodes are posterior probabilities. The tree was rooted to Micropterus based on its close relationship to Percidae, according to Song, Near & Page (1998) and Sloss et al. (2004) . B, time-calibrated phylogeny for Sander and its sister taxon Romanichthys from BEAST analyses using two fossil calibration points, 26.0 Mya for the genus Perca and 12.0 Mya for the genus Micropterus. Values above the branches are Bayesian posterior probabilities and those below in italics are divergence estimates. Illustrations are used with permissions from P. Maitland (Eurasian taxa) and J. Tomelleri (North American taxa). Dates for the availability of the North Atlantic Land Bridge (NALB) are from Tiffney (1985) and Denk et al. (2011) , and for the Bering Land Bridge (BLB) from Gladenkov et al. (2002) . PI, Pliocene; PS, Pleistocene.
(16-35) than the nuclear DNA regions (7-14). Among the three mtDNA gene regions, the control region has the most haplotypes (35), followed by cyt b (22), and then COI (16). The control region thus serves as our benchmark. Among the nuclear DNA introns, S7 has the most haplotypes (14), followed by RAG1 (13), and LdhA6 (7; Table 3 ).
The five species of the genus Sander share no haplotypes, with the sole exception of S. canadensis and S. vitreus sharing a single nuclear S7 intron 1 sequence (SviS71 ; Table S4 ). All S. canadensis samples possess that haplotype whereas S. vitreus has four additional S7 haplotypes represented by 13 individuals, of which four are heterozygous. The North American species (S. canadensis and S. vitreus) tended to have more haplotypes in all gene regions and higher haplotypic diversity than do the Eurasian species (S. lucioperca, S. marinus, and S. volgensis; Table 3 ). More haplotypes are found for S. vitreus, ranging from two for LdhA6 to 23 in the control region, with its haplotypic diversity ranging from 0.31 ± 0.02 for COI to 0.80 ± 0.03 for S7. Numbers of haplotypes for S. canadensis range from a single S7 haplotype to seven for cyt b, and its diversity varies from 0.00 in S7 to 0.96 ± 0.03 for cyt b.
Among the Eurasian species, S. lucioperca contains more haplotypes and has higher haplotypic diversity than S. volgensis; both species have single RAG1 and single LdhA6 haplotypes, ranging to five cyt b and five COI haplotypes in S. lucioperca (vs. two each in S. volgensis). Haplotypic diversity of S. lucioperca varies from 0.00 with RAG1 and LdhA6 to 0.65 ± 0.02 in cyt b. Overall, S. volgensis possesses the lowest number of haplotypes and the least diversity of all Sander, ranging from 0.00 for the control region, RAG1, S7, and LdhA6 to 0.48 ± 0.06 in COI (Table 3) . The rare and enigmatic S. marinus thus appears to have comparably more haplotypes and greater diversity than the more common S. volgensis. The two samples of S. marinus analysed here each possess a unique haplotype for the control region, cyt b, and RAG1. Haplotypic diversity of S. marinus ranges from 0.00 with COI, S7, and LdhA6 to 1.00 ± 0.35-0.36 in the control region and cyt b (Table 3) .
DISCUSSION EVOLUTION AND DIVERGENCE OF SANDER
We conclude that the genus Sander is monophyletic and is the sister group of Romanichthys/Zingel. Together the three genera comprise the subfamily Luciopercinae, congruent with its morphological definition by Collette & Bȃnȃ rescu (1977) . Other molecular evolutionary analyses using allozymes, mtDNA restriction fragment length polymorphisms (RFLPs; et al., 1990, 1991) , and mtDNA control region sequence data (Faber & Stepien, 1998) Our molecular results and fossil evidence corroborate that the common ancestor of Sander was widely distributed across both continents, as suggested by Cavender (1998). Sander then diverged~20.8 Mya during the Miocene into two lineages, probably due to subsidence of the NALB that interrupted connectivity across the Atlantic Ocean (Denk, Grimsson & Zetter, 2010; see Fig. 4B ), refuting hypotheses 1, 2, 4, and 5 (Introduction). It is unlikely that this divergence was due to loss of connection across the BLB, as Sander are not located near the BLB on either side of the Pacific Ocean, and instead are distributed in easterncentral North America, Europe, and western Asia (see Fig. 1 ; Collette & Bȃnȃ rescu, 1977; Billington et al., 2011) . In addition, recently discovered fossils representing Sander (Fig. 1C) Earlier DNA studies (Billington et al., 1990 (Billington et al., , 1991 Faber & Stepien, 1998 ) also obtained phylogenetic results with high support, which were congruent to ours, but hypothesized later divergences between the North American and Eurasian clades (~10-4 Mya; Miocene-Pliocene); those investigations pre-dated the discovery of the fossil evidence used here (e.g. Murray & Divay, 2011). Our results estimate evolutionary rates that are much slower -about 1/2-1/5 the previous rate estimates [which was 2% per My for the mtDNA data (Billington et al., 1990; Faber & Stepien, 1998) ].
In contrast to our findings, a much older separation of~37.1 Mya during the Eocene was estimated by Imoto et al. (2013) between North American and Eurasian sister species of cyprinids (Cypriniformes: Cyprinidae: Leuciscinae). They used mitogenome data and a relaxed molecular clock adapted from fossil calibrations employed by Saitoh et al. (2011) . Thus, other North American and Eurasian sister taxa may have diverged at various times due to different interruptions in the NALB across a span of~12.5 Myr.
Other fishes share a common history across North America-Eurasia, but diverged across the BLB. For example, Hai et al. (2008) analysed mtDNA cyt b sequences of Perca, finding that the European perch P. fluviatilis was basal to the clade containing the North American yellow perch P. flavescens and the Eurasian Balkash perch P. schrenkii as sister species. In that case, the divergence between the two was probably across the BLB, as P. schrenkii is distributed farther east in Asia. Using mtDNA cyt b and nuclear RAG1 intron 2 sequences, Grande, Laten & Lopez (2004) American-Asian slimy sculpin C. cognatus) diverged 6.2-2.5 Mya during the Late Miocene-Early Pleistocene probably over the BLB, in contrast to Sander diverging~20.8 Mya over the NALB. Thus, it appears that taxa sharing a common ancestry across the two continents have diverged over a long temporal scale with loss of connectivity over the BLB and the NALB.
PHYLOGENETIC AND BIOGEOGRAPHICAL PATTERNS ON EACH CONTINENT
The present study estimates that the North American S. canadensis and S. vitreus diverged~15.4 Mya during the Mid-Miocene, during a period marked by climate and topographical changes. At this time, mean annual temperatures in temperate regions reached~22°C (Böhme, 2003) and final uplift of mountain ranges occurred, including the Rockies and Cascades in the west (Wolfe, Forest & Molnar, 1998) and the Appalachians in the east (White, 2009), which may have led to differentiation of the two species. Earlier DNA work on the North American species by Billington et al. (1990 Billington et al. ( , 1991 and Faber & Stepien (1998) likewise resolved both species as wellsupported sister taxa. In our study, the individual nuclear data trees failed to distinguish S. canadensis from S. vitreus due to lack of sufficient nucleotide divergence (i.e. slow evolutionary rates), in comparison with the higher resolution evidenced in the concatenated tree and the mtDNA trees. Similar to our findings, species of North American gars (Lepisosteiformes: Lepisosteidae) were indistinguishable using sequences from several nuclear genes (ENC1, myh6, plagl2, sreb2, tbr1, and zic1), but were resolved using the mtDNA COI gene and the nuclear S7 intron 1 (Wright, David & Near, 2012) .
Our results suggest that modern S. vitreus haplotypes date to~10.8 Mya during the Mid-Miocene, when rapid cooling was beginning and the ice sheets were forming (Wolfe, 1994; Hewitt, 1996; Bruch, Uhl & Mosbrugger, 2007) . Modern haplotypes of S. canadensis trace to~7.3 Mya during the Late Miocene, when temperate regions further cooled (Zachos et al., 2001; Bruch et al., 2007) .
Within the Eurasian clade, S. volgensis is the basal taxon to the clade of S. lucioperca and S. marinus, diverging~13.8 Mya during the Mid-Miocene, during cooling conditions. Sander volgensis has a more limited geographical range than does S. lucioperca; the latter appears to be adapted to a wider diversity of environmental temperatures and conditions. During the MidMiocene, many Eurasian taxa, including crocodiles and some turtles, became extinct due to the increasingly high seasonality of precipitation (as much as six dry months annually; Böhme, 2003) . The dry conditions were accompanied by the final uplifts of the Alps, Carpathian, Balkan, and Caucasus Mountains, isolating water bodies and forming the Sarmatian Sea (the region of today's Black and Caspian Seas; Reid & Orlova, 2002) . These events may have led to the vicariant divergence of S. volgensis from the S. lucioperca/S. marinus lineage.
Congruent with our DNA sequence phylogeny, S. volgensis has retained the plesiomorphic life history condition of being a broadcast spawner without parental care. This life history is shared with the North American taxa. In contrast, S. lucioperca and S. marinus share the derived life history characters of the males building nests and then guarding the eggs and fry (Guseva, 1974; Collette et al., 1977; Craig, 2000) . These characters are synapomorphies that unite the two species, and probably originated in their common ancestor~13.8 Mya. This life history strategy of parental care probably increases survival of the young (see Shine, 1978; Blumer, 1982; Sargent, Taylor & Gross, 1987) , as hypothesized for other fishes, such as the fathead minnow Pimephales promelas (Cypriniformes: Cyprinidae; Sargent, 1988) , cichlids (Perciformes: Cichlidae; summarized by Smith & Wootton, 1994) , and smallmouth bass Micropterus dolomieu (Perciformes: Centrachidae; Gillooly & Baylis, 1999) .
Sander lucioperca and S. marinus then diverged 9.1 Mya probably due to increases in salinity in the Ponto-Caspian Sea basin (including both the Black and the Caspian Seas), which led to the S. marinus lineage in saline waters (see Reid & Orlova, 2002) .
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Sander lucioperca today is reported to briefly tolerate salinities to~12 p.p.t. (Craig, 2000; Brown, Moore & Quabius, 2001 ), whereas~9.1 Mya the Ponto-Caspian basin is believed to have been~17-20 p.p.t. (Reid & Orlova, 2002) . Sander marinus, in contrast, exclusively inhabits saline waters to~13 p.p.t. in today's Caspian Sea, where S. lucioperca is absent (restricted to rivers; S. Ibramihov, pers. commun.).
Modern S. lucioperca haplotypes diversified~5 Mya during the Pliocene, based on fossil calibrations and our BEAST analyses, during which time the PontoCaspian basins experienced many geological and climatic changes, including changes in sea levels and salinity (Reid & Orlova, 2002) , which probably isolated populations in different areas. Today's S. volgensis and S. marinus haplotypes differentiated during the Pleistocene~2.6-2.1 Mya, when the PontoCaspian region experienced more fluctuations in water levels and salinities (Reid & Orlova, 2002) . We analysed two samples of the rare and enigmatic S. marinus from the Caspian Sea, and further sampling and analyses would be beneficial (we analysed two of the three individuals that have been documented, the other is referred to by Lang & Mayden, 2007) . Samples representing its putative Black Sea distribution would be helpful (see Berg, 1965; Collette & Bȃnȃ rescu, 1977) , but it is unclear whether the S. marinus is extant there as we were unable to locate records in museums or the literature.
PHYLOGENETIC SIGNAL OF GENE REGIONS
Overall, the six gene regions we examined exhibit different rates of evolutionary divergence, with the mtDNA regions being~3.5 times faster (uncorrected p-distances to 0.14) than the nuclear DNA introns (to 0.04). mtDNA sequences have been described to evolve much faster (to 5-10 times) than most nuclear DNA regions (summarized by Simon et al., 1994; Hewitt, 2001) due to mtDNA having one-quarter the effective population size, lack of proofreading by DNA polymerase I, and no recombination (see Stepien & Kocher, 1997; Avise, 2004; Marshall, Coulson & Carr, 2009 ).
Similar to our findings, divergences among species of acanthomorph fishes (Acanthomorpha) were higher (~5.7¥) in mtDNA 12S rDNA [Tamura & Nei (1993) distances up to~0.4], than in nuclear 28S rDNA sequences (to~0.07; Wiley, Johnson & Dimmick, 2000) . The mtDNA cyt b and ATPase 8/6 genes of swamp eels Synbranchus and Ophisternon (Synbranchiformes: Synbranchidae) evolved~7-8 times faster than the nuclear RAG1 intron, with Tamura & Nei (1993) genetic distances ranging to 0.871 for the mtDNA genes vs. 0.004 in RAG1 (Perdices, Doadrio & Bermingham, 2005) . Guo & Chen (2010) similarly found much greater divergences in mtDNA cyt b (ML distance to 4) than in nuclear S7 intron sequences (to 1.5) for the temperate perches Siniperca and Coreoperca (Perciformes: Sinipercidae). Similar to our results (and using four of the same gene regions), Neilson & Stepien's (2009) analysis of Ponto-Caspian gobies (Perciformes: Gobiidae: Benthophilinae) revealed mtDNA evolutionary rates for the COI and cyt b genes (uncorrected p-distances ranging to 0.22) 4-5 times greater than the nuclear RAG1 and S7 introns (p-distances to 0.056).
The three mtDNA regions used in our investigation differentiate the five Sander species. However, the mtDNA control region and COI sequence data do not resolve the genus Sander as monophyletic, and do not distinguish the higher-level relationships. Evolutionary rate of the control region may be affected by multiple substitutions per site, resulting in convergence, parallelism, or character state reversals (i.e. phylogenetic noise; see Avise, 2004; McCracken & Sorenson, 2005) , as indicated by Figure 4A , in which transversions outnumber transitions and the latter appear to level off. Similarly, a study of control region and cyt b sequences among species of rainbowfishes Melanotaenia (Atheriniformes: Melanotaeniidae) discerned saturation in the control region (Zhu et al., 1994) , with its transversions outnumbering transitions, and the latter plateauing at~0.15 pairwise sequence divergence, vs. our value of an earlier plateau at 0.06. Studies of cichlid fishes found that the control region evolved slightly faster than did cyt b in the genera Tropheus (Sturmbauer & Meyer, 1992) and Melanotaenia (Zhu et al., 1994) . Notably, as we did not study the more rapidly evolving repeated regions of the control region at the 5′ end, we did not analyse the realm of its highest variability, which was detailed for Sander by Faber & Stepien (1998) and Stepien & Faber (1998) . The control region may be better suited to resolve intraspecific relationships (Simon et al., 1994; Faber & Stepien, 1998) , as our results indicate that its signal declines at higher levels within the genus due to saturation.
The nuclear gene regions examined here resolve the deeper divergences and some of the species relationships, but are unable to distinguish between the North American S. canadensis and S. vitreus. In our data sets, the LdhA6 intron sequences evolve the slowest, differentiating the clades between the two continents, but not among their respective species. Similarly, Quattro et al. (2006) analysed mtDNA control region and COI sequences, in comparison with nuclear LdhA6 intron sequences, from hammerhead sharks Sphyrna (Carcharhiniformes: Sphyrnidae) and were unable to resolve species differences with the latter. Wright et al. (2012) distinguished among species of gars (Lepisosteiformes: Lepisosteidae) using mtDNA COI and the nuclear S7 intron 1, but six other nuclear gene regions yielded conflicting tree topologies and differential resolution. Two of those nuclear genes (tbr1 and zic1) were restricted to distinguishing between the two genera alone (Wright et al., 2012) , similar to our results for the LdhA6 intron. Neilson & Stepien (2009) likewise were unable to differentiate among some goby species with nuclear RAG1 and S7 intron sequences. Similarly, Unmack et al. (2011) discerned incongruence among trees from mtDNA cyt b and nuclear S7, RAG1, and RAG2; cyt b performed best at tip nodes, S7 at intermediate nodes, and RAG1 and 2 at deeper divergences.
Our study found that trees from the mtDNA cyt b gene and the nuclear RAG1 intron yield the most robust topologies for discerning Sander relationships. Using a similar multi-gene approach, Neilson & Stepien (2009) analysed the mtDNA cyt b and COI genes and the nuclear RAG1 and S7 introns for Ponto-Caspian gobies, finding that cyt b had superior resolution. Bohlen et al. (2011) obtained congruent and highly supported phylogenies for species of loaches Pangio (Cypriniformes: Cobitidae) using cyt b and RAG1, similar to our findings. Our pairwise divergences among Sander species reach 0.12 with cyt b gene sequences vs. 0.012 for RAG1. Neilson & Stepien (2009) likewise recovered their highest pairwise divergences of 0.18 with cyt b, compared with just 0.04 for nuclear RAG1 and 0.03 for S7. Other studies found similar divergence levels for cyt b, reaching 0.13 among Esox species (Esociformes: Esocidae) (López, Bentzen & Pietsch, 2000) , 0.13 among sand darters Ammocrypta (Perciformes: Percidae; Near, Porterfield & Page, 2000) , and 0.08 for populations of the greenside darter Etheostoma blennioides (Perciformes: Percidae; Haponski & Stepien, 2008) .
GENETIC DIVERSITY PATTERNS
The mtDNA regions have more haplotypes and higher haplotypic (gene) diversities than the nuclear DNA introns. Genetic diversity is much greater for the North American species (mean = 0.56, range = 0.25-0.96) than in the Eurasian species (mean = 0.29, range = 0.25-1.00). This is probably due to their greater population sizes throughout their histories, experiencing fewer bottlenecks and founder effects. During the Pleistocene glaciations, the North American refugia were larger and more extensive in geographical area compared with the Eurasian refugia (Hewitt, 1996; Bernatchez & Wilson, 1998; Stewart & Lister, 2001 ). The primary North American mountain ranges are orientated north to south, which provided large refugia in the interior of the continent where the distributions of S. canadensis and S. vitreus are centred (see Fig. 1 ). Primary refugia used by S. vitreus and other aquatic taxa included the Atlantic refugium that existed to the east of the Appalachian mountains, the Mississippian refugium near the lower Mississippi River, and the Missourian refugium to the west of the Missouri River (see Fig. 1A ; Ward, Billington & Hebert, 1989; Billington, Barrette & Hebert, 1992; Bernatchez & Wilson, 1998) .
In contrast, Eurasian refugia were limited in area by several east-west mountain ranges (the Carpathians, Balkans, Alps, etc.) along the southern portion of the continent, circumventing the retreat of taxa from the advancing ice sheets (see Fig. 1B ). The main refugia were located on the Iberian, Italian, and Balkan peninsulas (Hewitt, 1996 (Hewitt, , 2000 and in the Ponto-Caspian region (Bȃnȃ rescu, 1991) , with the last-named refugium probably housing ancestral Eurasian S. lucioperca and S. volgensis based on their current distributions. This Ponto-Caspian region experienced many water level and salinity fluctuations during the Pleistocene (see Reid & Orlova, 2002) , probably isolating populations into small areas. These led to genetic bottlenecks and later founder effects during re-colonizations. Thus, North American Sander retained greater genetic diversity whereas the Eurasian S. lucioperca and S. volgensis are relatively genetically depauperate. In contrast, S. marinus appears to have more genetic diversity in the Caspian Sea, despite its apparent scarcity. This may reflect the stability of its habitats during the glaciations.
Today's relatively modest genetic diversity of S. lucioperca and S. volgensis and their current native distribution patterns suggest that they probably once were isolated in the Ponto-Caspian glacial refugium that housed the modern Black and Caspian Seas. Neither species has a present-day native distribution near the locations of the other possible refugia (Iberian, Italian, and Balkan Peninsulas; see Figure 1 ; however, S. lucioperca later was introduced to these areas). In addition, both species contain a small number of haplotypes (two in S. lucioperca and one in S. volgensis) that are widely distributed across their ranges, which appears to fit the hypothesis of rapid post-glacial recolonization from a single refugium (per Hewitt, 1996) . In contrast, S. vitreus shows evidence of contributions from multiple glacial refugia, which led to higher genetic diversity and considerably more genetic structure across its range (Ward et al., 1989; Stepien & Faber, 1998; Stepien et al., 2009) . In comparison, S. canadensis may have re-colonized from a single refugium -the Mississippian refugium (see Billington, 1996; White, 2012 Haponski & Stepien, 2013a) , and in Lake Huron's Georgian Bay (mean HD = 0.49, range = 0.28-0.53; Gatt et al., 2002) . Similarly, Stepien et al. (2009) discerned high genetic diversities with nine nuclear DNA microsatellite loci among spawning populations of S. vitreus across its native range (mean HO = 0.68, range = 0.51-0.78). The present analysis also found appreciably high mtDNA control region diversity for S. canadensis (mean HD = 0.55, range 0.25-0.96), similar to values for walleye. White (2012) sampled mtDNA control region sequences of S. canadensis across its range and likewise found fairly high diversity (recovering 19 haplotypes among 60 samples, compared with our six haplotypes among 25 samples). In contrast, Billington (1996) reported lower diversity in S. canadensis samples using mtDNA RFLP analyses (detecting four mtDNA haplotypes among 114 samples), attributable to the relatively low resolution of the RFLP method compared with a sequencing approach (see Chubb, Zink & Fitzsimons, 1998) .
Lower haplotypic diversity levels characterized S. lucioperca (mean H D = 0.30, range 0.33-0.65), in comparison with the higher haplotypic diversity of the North American species. Other studies similarly found low genetic variability in S. lucioperca using allozyme loci (mean HO = 0.04, range = 0.013-0.042; Poulet et al., 2004) , but more for six nuclear microsatellite loci from populations in Sweden, Finland, and Russia (mean HO = 0.53, range = 0.32-0.74; Björklund, Aho & Larsson, 2007) . The latter's higher values illustrated the larger effective population size of nuclear DNA (4¥) in comparison with mtDNA; mtDNA is much more affected by bottlenecks (see Hewitt, 2001; Ellegren, 2004) . Moreover, the genetic diversity values of S. vitreus are similar for both mtDNA and nuclear microsatellite loci, providing further evidence for the lower influence of bottlenecks and founder effects in North America.
Ours is the first study to characterize the genetic diversity of S. marinus, discerning relatively high levels (apparently higher than the more widely distributed S. lucioperca and S. volgensis). Further sampling is recommended to determine the overall diversity and population structure of this rare and enigmatic species. In comparison, S. volgensis has the lowest diversity of the Eurasian species; no other studies have analysed its population genetic patterns.
Other Eurasian fishes also had low genetic diversity for taxa that descended from a single refugium vs. those originating from multiple refugia (Durand, ARCHIVED DATA Data deposited at Dryad (Haponski & Stepien, 2013b) .
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Figure S1 . Bayesian phylogenetic trees for the six DNA regions: A, control region; B, cyt b; C, COI; D, RAG1; E, S7; F, LdhA6. Support values on nodes of the trees are posterior probabilities above the branch and percentage bootstrap pseudo-replicates below the branch. Table S1 . Locations sampled for the five species of Sander, including latitude (lat) and longitude (long), number of individuals (N), haplotypic diversity (HD), and number of haplotypes (NH) for the mtDNA control region data set. Letters correspond to the locations on Fig. 1 maps. *Coordinates approximated as data were not provided by the original authors. Table S2 . Comparison of Sander sequences from GenBank to those found in this study. NR, not recovered by us. Table S3 . Outgroup taxa used in this study and their GenBank accession numbers. All outgroup taxa were sequenced by us unless otherwise noted. Table S4 . Haplotypes recovered by us from the six gene regions for Sander, with GenBank accession numbers, sampling locations, and number of individuals in parentheses. Letters correspond to locations on Fig. 1 . 
